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Disulphide bonds are found in practically every class of extracellular protein, and the formation of disulphide bonds must be regarded as a key post-translational modification of secretory proteins. Despite this, and despite the fact that the existence of disulphide bonds has been known for many years, the mechanism of disulphide bond formation during protein biosynthesis and secretion is not well established, especially by comparison with more recently discovered modifications also discussed in this Colloquium, such as proteolysis of signal sequences or y-carboxylation of glutamyl residues. This is because the problem lies on the periphery of three distinct fields : (i) post-translational modification, (ii) protein biosynthesis, translocation and processing, and (iii) protein folding.
Most work on the formation of protein disulphide bonds has derived from an interest in the chemistry of protein folding and so has involved model studies, rather than studies aimed at characterizing the process as it occurs in the cell. However, this line of work has been remarkably informative. The classic work of Anfinsen and his colleagues established that small, single-domain disulphidebonded proteins, such as ribonuclease, after reduction in denaturing conditions, would recover in high yield their native disulphide-bond pairing, conformation and activity on removal of the denaturant and reductant. (Epstein et al., 1963; Anfinsen, 1972) . This result established that the native tertiary structure is defined by the amino acid sequence and that the disulphide bonds do not carry structural information. However, it does not imply that disulphide bond formation is irrelevant to the process of protein folding or the maintenance of the native state. Both insulin and collagen cannot be directly folded to their native state. Both are in a metastable state in a conformation achieved by folding of a disulphide-bonded precursor (Freedman & Hawkins, 1977) . Thus in both cases appropriate disulphide bond formation is essential either to generate, or to maintain, the biologically active conformation.
Recent work has thrown more light on the mechanism of disulphide bond formation in model studies in vitro. Firstly, the use of disulphide oxidants (rather than the dissolved O2 used in Anfinsen's studies) has clarified the chemistry of the process and established that protein disulphide bond formation occurs via a series of thiol :disulphide interchange reactions (Wetlaufer & Ristow, 1973) . Secondly, the isolation by Creighton of specific disulphide-bonded intermediates of the folding and oxidation process has permitted a full kinetic and thermodynamic description of the pathway, in the case of bovine pancreatic trypsin inhibitor, a small protein containing three disulphide bonds. (Creighton, 1978) . This work has established that there is a kinetically favoured folding route, but that the native disulphide bonds are not simply introduced in turn; species Present address: Inorganic Chemistry Laboratory, University of Oxford, South Parks Road, Oxford 0x1 3QU, U.K.
with non-native bonds are obligatory intermediates. Thus the rate of protein disulphide bond formation is determined by steps involving both conformational changes in the protein and intramolecular thiol :disulphide interchange.
Most of the model studies of protein disulphide bond formation have not been concerned with optimizing the rate of the process, and the regain of native state has occupied periods up to several hours. However, even in cases where the rate has been optimized by the use of high pH and nonphysiological additives, the half-times have been in the region of 10-30min. This is relevant to the consideration of the process in vivo.
The timing of disulphide bond formation during protein biosynthesis can be established by isolating nascent and newly synthesized radiolabelled polypeptides from a cell, tissue or translational system in oitro, by using a thiolblocking reagent such as iodoacetamide or N-ethylmaleimide in the homogenizing medium to prevent thiol oxidation or thiol : disulphide exchange during work up. This approach has established that intramolecular disulphide bonds in immunoglobulin light chains are formed cotranslationally, as are intermolecular disulphide bonds between nascent heavy chains and completed light or heavy chains. (Bergman & Kuehl, 1979a,b) . In nascent proalbumin chains, an average of 57% of the cysteine residues are disulphide bonded; 11 of the 17 intramolecular disulphide bonds are formed during translation and the remainder form within 30s (Peters & Davidson, 1982) . In procollagen, where the interchain disulphides are in Cterminal domains, the formation of these disulphides occurs shortly after completion and release of the chains (Oohira et al., 1979; Bruckner et al., 1981). The current data from all these systems are consistent with a model in which disulphide formation occurs rapidly after the appearance, within the lumen of the endoplasmic reticulum, of the complete domain of which the disulphide is to form part.
The contrast between the slow formation of native disulphide bonds in systems in vitro, and its rapid occurrence during biosynthesis, suggests that the process is enzyme-catalysed, and an enzyme capable of catalysing protein disulphide bond formation was sought and discovered 20 years ago (Goldberger ef al., 1963). The enzyme was initially shown to catalyse the air oxidation of reduced proteins, but it was subsequently found that this process involved chemical oxidation to form non-native disulphide-linked ('scrambled') products followed by enzyme-catalysed isomerization of the disulphide bonds (Givol et al., 1964) . The enzyme is therefore a catalyst of disulphide isomerization and is named protein disulphide-isomerase (PDI ; EC 5.3.4.1). It can be assayed by its ability to reactivate 'scrambled' ribonuclease. The enzyme was first purified and partially characterized by Anfinsen's group, who established its wide distribution, its broad specificity for protein substrates and its location in the microsomal fraction of liver homogenates (Anfinsen, 1972 (Anfinsen, , 1973 .
These properties are consistent with the enzyme playing a role in disulphide bond formation during protein biosynthesis, but they do not establish such a role. Anfinsen's work on PDI was published from 1963 to 1967 and little work on the enzyme appeared during the subsequent decade. However, there has been a revival of interest in recent years and new Vol. 12 data have appeared from several laboratories working on the enzyme in a variety of systems. We will now, briefly, review these recent studies and consider how far they go towards establishing the enzyme's physiological role.
The enzyme was 6rst detected in liver and pancreas, and surveys of mammalian tissues indicated that PDI was ubiquitous but was most concentrated in tissues, such as liver and pancreas, which are active in the synthesis and secretion of disulphide-bonded proteins. More recently, studies have been made on more specialized sources where quantitative comparisons are more easily made. Thus we showed that in embryonic chick tissues, PDI was most active in connective tissues active in procollagen synthesis, and that there was an excellent quantitative correlation between the tissue distributions of PDI and of prolyl and lysyl hydroxylases, enzymes specific for the post-translational modification of procollagen (Brockway et al., 1980) . The correlation between PDI activity and rate of synthesis of procollagen has now been extended to a number of cell lines in culture which cover a 25-fold range in rate of procollagen synthesis ( Table 1 .
The enzyme was initially detected in microsomal fractions from bovine and rat liver. Its location in the endoplasmic reticulum has now been confirmed in a careful subfractionation study on rat liver with marker enzymes (Lambert, 1983) . In the course of this work it was established that the microsomal enzyme is entirely latent in carefully prepared microsomes, but can be activated by freezing and thawing, by hypotonic conditions or by vigorous pelletting and resuspension; sonication is the most convenient and reproducible method of exposing total PDI activity (Freedman et ul., 1983) . The structural basis for PDI latency in rat liver microsomes has been explored in a number of experiments involving proteases, detergents etc. (Lambert, 1983) . PDI activity is retained in microsomes subjected to various vigorous washing procedures which remove ribosomes and cytoplasmic-surface peripheral proteins; the latency of the microsomal enzyme is also retained. In intact microsomes, PDI is resistant to attack by trypsin and again its latency is not affected; the enzyme is, however, rapidly degraded by trypsin treatment of sonicated microsomes, or of the free enzyme in solution. The enzyme is readily solubilized by treating microsomes with concentrations of detergents (deoxycholate or Triton X-100) which leave the bulk of the membrane intact. In all these respects, the enzyme resembles nucleoside diphosphatase, a marker luminal-surface peripheral enzyme, rather than NADPH : cytochrome c reductase, a marker cytoplasmicsurface integral enzyme. The data, taken together, indicate that the active site of PDI and the bulk of the enzyme protein are inaccessible from the external cytoplasmic face of microsomal vesicles, that they are not simply masked by peripheral proteins, and that the enzyme is not bound to the membrane by powerful hydrophobic forces (Lambert, 1983) . The most plausible model is therefore one in which the enzyme is loosely associated with the luminal surface of the endoplasmic reticulum membrane.
In addition to this detailed work on the rat liver microsomal enzyme, PDI has been shown to be located in the endoplasmic reticulum in a diverse range of source materials including developing wheat endosperm (Roden ez al., 1982) and embryonic chick tendon (Brockway & Freedman, 1984) . To summarize, the enzyme is widely distributed, but is found in the appropriate cell types at the appropriate development stage and at the appropriate subcellular location to be involved in disulphide formation at protein biosynthesis.
Are the enzyme's other properties consistent with such a role? PDI has now been purified from several mammalian tissues and its catalytic properties studied in a wide range of reactions. Table 2 shows that in appropriate conditions, the enzyme can catalyse net formation of protein disulphides, isomerizations of such bonds, or net reductions; in all cases the reactions can be described as thiol :protein disulphide interchanges. The enzyme catalyses such interchanges so that the disulphide bonds present in the final products are those corresponding to the lowest free energy of the system as a whole. For most proteins (cf. the discussion of insulin above) this will lead to the formation of native disulphide bonds, provided that the redox potential defined by added reagents is not strongly reducing. In the latter case, net reduction is seen. The reduction of protein disulphide by excess glutathione (GSH) or other simple thiols has been extensively studied and a catalyst of this reaction has been described as glutathione- Freedman (unpublished work) insulin transhydrogenase or thiol : protein-disulphide oxidoreductase; this enzyme is now known to be identical with PDI (Bjelland et al., 1983) . The remarkable aspect of the catalytic action of PDI is its very broad range of protein substrates which includes small single-domain proteins, multi-domain proteins such as serum albumin, and multichain proteins such as the immunoglobulins and procollagen.
Details of the enzyme's action can be seen in its catalysis of the formation of native disulphide bonds in bovine pancreatic trypsin inhibitor where the time-course of appearance or disappearance of specific intermediates can be followed (Creighton et al., 1980) . Here the enzyme is clearly a true catalyst, active at concentrations well below that of the substrate, enhancing the rate of reaction without altering the pathway observed for the non-enzymic process, and catalysing all the rate-determining steps, which involve both conformational change and thiol :protein disulphide interchange in the substrate. The enzyme's catalytic properties are therefore precisely those required to ensure the formation of native disulphide bonds in nascent or newly synthesized proteins.
The enzyme has been purified to homogeneity from bovine, rat and mouse liver and from mouse spleen. The rat and bovine preparations are very similar in amino acid composition and have similar peptide fingerprints. In all cases the protein is a homodimer of M, -100000 (by gelfiltration) with a subunit of M, -55000 by sodium dodecyl sulphate/polyacrylamide-gel electrophoresis. It is extremely acidic (pI4-4.5) and is freely soluble in aqueous buffers. Data from immunoassay and assay of enzymic activity reveal that it is an abundant protein in the liver, constituting 0.35-0.40% of total liver protein and 1 5 2 % of microsomal protein (Roth & Koshland, 1981; Ohba et a/., 1981; Lambert, 1983) . This abundance has enabled the polypeptide corresponding to PDI to be recognized in twodimensional electrophoretograms of rat liver microsomal proteins; the identity of PDI and this polypeptide have been
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confirmed by co-electrophoresis and fingerprinting . In addition to being an abundant protein, it is now clear that the properties of PDI are highly conserved over a wide taxonomic range. Thus although the enzyme has not been purified to homogeneity from a non-mammalian source, data on partially purified preparations from wheat and from embryonic chick tendon show close similarities in M,, PI and in kinetic properties with the homogeneous enzymes from bovine and rat liver (Table 3 ).
In summary, protein disulphide-isomerase is an abundant and well-conserved protein whose catalytic properties, tissue distribution, subcellular location and developmental properties are all consistent with a role in the formation of native disulphide bonds in protein biosynthesis.
